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Hydrostatic Pressure-Controlled Ratiometric Luminescence 
Responses of Dibenzo[a,j]phenazine-Cored Mechanoluminophore 
Youhei Takeda,*[a] Hiroaki Mizuno,[b] Yusuke Okada,[b] Masato Okazaki,[a] Satoshi Minakata,[a] Thomas 
Penfold,*[c] and Gaku Fukuhara*[b,d] 
 
Abstract: Understanding changes to excited state properties under 
the influence of an external stimuli, such as pressure or temperature, 
is important in the context of optimizing molecular components for a 
number of applications including sensors and imaging reagents. 
Herein, we use UV/vis, fluorescence and excitation spectroscopies, 
and fluorescence lifetime measurements supported by calculations 
to probe the effect of hydrostatic pressure on the excited state 
characteristics of a conformationally-divergent mechanochromic 
compound in toluene and methylcyclohexane. We demonstrate that 
hydrostatic pressure can be used to manipulate the equilibria 
between excited state conformers. This work provides new 
perspectives for mechanoresponsive materials and as attractive 
alternative to conventional ratiometric sensors. 
Introduction 
Luminophores that show ratiometric responses towards various 
stimuli (e.g., chemicals and intracellular signals) and media 
conditions (e.g., solvent polarities and viscosities) hold great 
promise for applications in sensing, probing, and imaging.[1] A 
well-known family of ratiometric luminophores are the D–A 
dyads, where an electron-donor (D) and electron-acceptor (A) 
are connected through a single bond or a vinylene unit. Typically, 
this type of chromophoric compound shows dual emission in 
polar solvents: an emission at shorter wavelength from the 
locally excited (LE) state on either the donor or acceptor and 
another at longer wavelength arising from the charge-transfer 
state (CT). For the latter, an excited state geometry change 
around the linkage usually occurs to increase the dihedral angle 
between the D and A group, i.e., twisted intramolecular charge-
transfer (TICT).[2] Since the rotation of the D and A moieties 
around the single bond is susceptible to microenvironmental 
polarity, these D–A dyads serve as viscosity and thermal 
sensors.[3] On the other hand, an emerging class of ratiometric 
luminophores include -conjugated compounds which are bent 
in their electronic ground state, such as N,N’-disubstituted 
dihydrophenazines (DHPZs)[4] and cyclooctatetraene (COT)-
fused acenes.[5] Upon excitation, a remarkable planarization 
occurs drastically tuning the emission color. As this planarization 
depends on the environment of the luminophore, such systems 
are able to measure viscosity, temperature, and membrane 
tensions.[4,5] 
Mechanochromic luminescent (MCL) compounds that 
show reversible emission color changes in the solid state in 
response to mechanical forces, heating/cooling, and organic 
vapors, have rapidly emerged as smart materials over the last 
decade.[6] In fact, MCL materials are applied to security inks, 
molecular encryptions, and pressure/thermo-sensors. 
Importantly, the development of conventional MCL materials is 
dominated by spontaneous, "molecular-delegated" self-
assembly of luminophores which sometimes leads to the 
formation of multiple metastable emissive states. However, 
rational approaches to their design have not yet been 
established. This ultimately limits the variety and contrast of 
emission colors due to the intrinsic difficulty in rationally 
predicting the thermodynamic stabilities of the self-assembled 
molecules in the condensed phases.  
In contrast to the conventional approach, we have recently 
developed thermally activated delayed fluorescence (TADF)-
active and multi-color-changing MCL compounds, i.e., PTZ-
DBPHZ (Figure 1a) and its derivatives, based on the 
conformationally-dictated regulation mechanism.[7] As related 
studies, Dias and Grazulevicius also have recently developed 
TADF-active MCL compounds based on a similar twisted D-A-D 
scaffold.[8] The PTZ-DBPHZ molecule, which has two 
phenothiazine (PTZ) donor moieties attached to a 
dibenzo[a,j]phenazine (DBPHZ) acceptor.[9] As shown in Figure 
1a, PTZ-DBPHZ can adopt at least four different conformers in 
the electronic ground state, which depend on the geometrical 
arrangement of the PTZ with respect to the acceptor unit: quasi 
axial-quasi axial (syn and anti; ax-ax), quasi equatorial-quasi 
axial (eq-ax), and quasi equatorial-quasi equatorial (eq-eq). Very 
recently, we have used time-resolved spectroscopy to reveal 
that the conformational changes in the ground and excited 
states strongly dictate the photophysical properties of the solid 
state (Figure 1b).[10] These findings indicate that PTZ-DBPHZ is 
a promising ratiometric luminophore given that the four 
conformational distributions in solution can be controlled by 
external stimuli (Figure 1c). 
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Hydrostatic pressure is the most appropriate control factor 
for the present study, and indeed solutions of various 
luminophores under hydrostatic pressure have previously been 
investigated.[11–19] So far, many sophisticated studies on the 
effects of hydrostatic pressure on the photophysics of 
luminophores such as pyrenes,[11,12] 9,9’-bianthryls,[13] 4-(9-
anthrylmethyl)-N,N-dimethylaniline (AMDMA),[14] (N,N-
dimethylamino)benzonitrile (DMABN)-type D–A compounds,[15,16] 
BODIPY derivatives,[17] tryptophan,[18] and fluorescent 
cyclophane[19] have been examined. In contrast, the effect of 
hydrostatic pressure on the photophysical properties of MCL 
compounds in solution has been much less explored, with 
studies in the solid-state dominating.[20] In the present work, we 
study the emission properties of PTZ-DBPHZ in solution under 
the influence of hydrostatic pressure. We reveal that under 
hydrostatically pressurized conditions, unusual but interesting 
ratiometric luminescence responses observed originate from a 
ternary emission comprising of an 1LE and two different 1CT 
excited states associated with different conformers. The present 
results and concepts proposed herein will provide with deeper 
mechanistic insights into the factors that control 
mechanochromism outcomes under high pressure. 
 
 
Figure 1. (a) Chemical structure of PTZ-DBPHZ and conformers (quasi axial-
quasi axial; ax-ax, quasi equatorial-quasi axial; eq-ax, quasi equatorial-quasi 
equatorial; eq-eq). Schematic illustration for (b) previous works and (c) this 
work. 
Results and Discussion 
UV/vis and luminescence spectra of the 
solution in toluene 
The hydrostatic pressure effects on the absorption and 
luminescence properties of solutions of PTZ-DBPHZ were 
investigated in toluene and methylcyclohexane (MCH) (For the 
detailed apparatus set-up, see Figure S1 in the supporting 
information (SI)). Very recently, we have revealed that a toluene 
solution of PTZ-DBPHZ drastically affects the CT band 
compared to its alkane solution,[7a] indicating that the two 
solvents are better candidates of the present hydrostatic 
pressure experiments for the comparison reasons. Alcohols and 
acetonitrile as polar solvent are inadequate due to the quite poor 
solubility of PTZ-DBPHZ. Therefore, we first examined the 
concentration effect of PTZ-DBPHZ in the two solvents: the 
UV/vis and fluorescence spectra of the PTZ-DBPHZ compound 
in toluene from 11 M to 203 M and in MCH from 17 M to 99 
M were measured, and the fluorescence maxima (longer 
wavelength) obtained in the two solvents showed good straight 
lines against the concentration examined (Figure S2), indicating 
that PTZ-DBPHZ under the concentration conditions examined 
for all the photophysical investigations in the present study is an 
isolated state. The three luminescence waveforms from the LE, 
CT1, and CT2 states (vide infra) under the applied pressures 
examined are separable as common Gaussian curves (Figure 
S3). The waveform separation spectra gave integral areas, listed 
in Table S1, to obtain the quantum yield ratios (CT/LE) 
calculated by division of each area. 
 The absorption spectrum of the solution of PTZ-DBPHZ in 
toluene as a function of hydrostatic pressure are shown in 
Figure 2. This spectrum is composed of four distinct bands at 
300, 340, 400 and 425 nm and a broader band at approximately 
450 nm. Recently, Monkman and co-workers characterize the 
transitions of the DBPHZ-cored D–A–D triad (D = 
phenoxazine).[21] The broad absorption in their spectrum was 
assigned to the pure CT state and the vibronic absorption at 
around 400 nm was to the -* transition of the DBPHZ unit. 
Consequently, on the basis of this work, we assign the band at 
450 nm to a charge transfer (CT) from the PTZ to the DBPHZ. 
The band at 340 nm corresponds to an LE on the PTZ, while the 
remaining bands (300, 400 and 425 nm) are associated with an 
LE state on DBPHZ. As a function of increasing pressure, the 
first absorption maxima bathochromically shifts from 454 nm at 
0.1 MPa to 461 nm at 350 MPa with –0.921 cm–1/MPa (Figure 
S4a). This is in good agreement with the behavior of well-
studied D-A-type luminophores such as p-(9-anthryl)-
dimethylaniline (ADMA) and 6-propionyl-2-
dimethylaminonaphthalene (PRODAN).[15a] It is well-known that 
increasing pressure causes a significant increase in refractive 
index[22] and thereby polarizability, which shifts the absorption 
peaks to lower energy.[23] This shift is accompanied by a 
monotonic hyperchromic effect (Figure S4b) which is due to the 
increase in effective concentration upon pressurization.[24]  
The population of the syn and anti ax-ax, eq-ax, and eq-eq 
conformers, calculated from a Boltzmann weighting of the 
relative energy of each conformer simulated using DFT(M062X) 
under the ambient conditions (0.1 MPa in toluene) is expected to 
be 3%, 5%, 41%, and 51%, respectively. Importantly, for all of 
the pressure ranges examined (0.1–350 MPa), the changes 
in the UV/vis spectra are relatively small (Figure 2a), 
suggesting little effect of hydrostatic pressure on the 
relative population of conformers in the electronic ground 
state. This is consistent with the small changes in the 
excitation spectra (Figure S6). The pressure-induced 
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changes in absorption and luminescence spectra are 
completely reversible. 
 
Figure 2. (a) UV/vis spectra and (b) fluorescence spectra (excited at 430 nm) 
of the solutions of PTZ-DBPHZ (222 M) at 0.1, 50, 100, 150, 200, 250, 300, 
and 350 MPa (from black to blue) and 0.1 MPa excited at 400 nm (dotted line) 
and 0.1 MPa depressurized from 350 MPa (light green) in toluene at room 
temperature, measured in a high-pressure cell. Plots of (c) fluorescence 
maxima at the LE band (black; correlation coefficient r = 0.797, slope; –1.05 
cm–1/MPa), the CT1 band (red; r = 0.691, slope; –0.748 cm–1/MPa), and the 
CT2 band (blue; r = 0.984, slope; –1.10 cm–1/MPa) and (d) fluorescence 
changes at 481 nm (black; r  = 0.990, slope; 0.00653/MPa), 508 nm (red; r = 
0.996, slope; 0.0170/MPa), and 645 nm (blue; r = 0.974, slope; –
0.00622/MPa) in toluene as a function of pressure; the three bands, 
particularly for the LE (408 nm) and CT1 (508 nm), were estimated by the 
waveform separation spectra (see Figure S3). 
The emission spectrum of the solutions of PTZ-DBPHZ in 
toluene is also shown in Figure 2. Under ambient pressure (0.1 
MPa), the dilute toluene solution of PTZ-DBPHZ showed a 
ternary emission peaked at 481, 508, and 650 nm (Figures 2b 
and S3). The emission maximum at 481 nm is slightly blue-
shifted to 453 nm ( 1290 cm–1) in the less polar MCH solvent 
(see Figures 5b and S3). In contrast, the emission maxima at 
508 and 650 nm are hypsochromically shifted to 468 ( 1680 
cm–1) and 571 nm ( 2130 cm–1) in MCH (Figure 5b). 
Consequently, the bands at 481, 508, and 650 nm are assigned 
to the luminescence from the LE and two different CT states 
(designated as CT1 and CT2), respectively. The LE emission 
originates from the either DBPHZ or PTZ moiety of the ax-ax 
conformer, and its position is in good agreement with their 
emission spectra reported in the literature.[25,26] CT1 and CT2 
derive from the ax-eq and eq-eq conformers, respectively. This 
assignment is supported by the fluorescence lifetime analyses 
(see Figure 8, Table S2, and the relevant discussions) and 
TDDFT(M062X), the latter of which gave the lowest singlet state 
peaks 452 nm (ax-eq), and 692 nm (eq-eq), respectively. The 
orbitals involved in these transitions are shown in the Figure S5. 
The luminescence intensity ratio of these emissions 
excited at 430 nm in toluene does not reflect conformational 
population-weighted distribution calculated for the absorption 
spectrum (Figure 2b, the solid black line). Interestingly, upon 
excitation at 400 nm, the emission spectrum shows a better 
agreement with the conformer population-weighted distribution 
(Figure 2b, the dotted black line). When the molecules are 
excited at lower energy, i.e., 430 nm, all three bands emit 
equally. However, higher excitation energy (400 nm) leads to a 
higher degree of excess energy and in this case, predominant 
formation of the CT excited state is found. This is consistent with 
previous observations,[27] and we propose that the excess 
energy enables molecular rearrangement in the excited state.[28]  
Most importantly, the emissions (excited at 430 nm) are 
significantly dependent on the applied pressures and thus show 
ratiometric responses (Figure 2b). The emission intensity of CT2 
(eq-eq-like conformation) gradually decreases with increasing 
pressure, while the intensities of the LE (ax-ax-like 
conformation) and CT1 (ax-eq-like conformation) steadily 
increases (Figure 2b and d). In addition to the intensity changes, 
the peak maxima bathochromically shift (Figure 2c) as a function 
of pressure with –1.05 cm–1/MPa for LE, –0.748 cm–1/MPa for 
CT1, and –1.10 cm–1/MPa for CT2, respectively. This is due to 
the increase in the dielectric constant of toluene with 
pressure.[29] 
Kinetic processes in the excited states 
The kinetic processes for the equilibrium in the excited-
states between LE, CT1, and CT2 can be illustrated in Scheme 
1. According to the model, the quantum yield ratios (CT/LE) of 
CT and LE emissions are expressed as Eq. (1) and Eq. (2), 
where k1 and k3 represent the rate constants for the formation of 
CT1 and CT2 states, respectively, while k2 and k4 backward 
rates to form the LE state. The radiative and non-radiative rates 
from the LE, CT1, and CT2 states are denoted with krLE, krCT1, 
krCT2, knrLE, knrCT1, and knrCT2, respectively. Considering the kinetic 
processes' equation for only one CT without the other CT 
against LE may be better for the simplicity. 
 
 
Scheme 1. Kinetic processes of PTZ-DBPHZ in solution. 
𝛷CT1
𝛷LE
 =  
𝑘𝑟
𝐶𝑇1𝑘1
𝑘𝑟
𝐿𝐸[𝑘2 + 𝑘𝑟
𝐶𝑇1 + 𝑘𝑛𝑟
𝐶𝑇1]
                                        (1) 
 
𝛷CT2
𝛷LE
 =  
𝑘𝑟
𝐶𝑇2𝑘3
𝑘𝑟
𝐿𝐸[𝑘4 + 𝑘𝑟
𝐶𝑇2 + 𝑘𝑛𝑟
𝐶𝑇2]
                                        (2) 
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To thus elucidate the excited-state behaviors of the ternary 
emission in toluene, the natural logarithms of the quantum yield 
ratios ln(CT/LE) were plotted against the pressure as were the 
cases with previous literatures (Figure 3a).[13–15] Intriguingly, an 
inflection point at around 200 MPa was observed in the 
ln(CT1/LE) plot (black circles in Figure 3a). In the lower 
pressure region, i.e., lower viscosity, at 0.1–200 MPa, the ratio 
increased monotonically, whereas in the higher-pressure region, 
i.e., higher viscosity, at 200–350 MPa, it decreased as a function 
of pressure. This pressure-dependent behavior is likely to be 
responsible for a dramatic change in kinetics involved in the 
equilibrium in the excited states such as the shift from 
thermodynamic control (k2 >> krCT1 + knrCT1: CT1/LE = 
krCT1/krLE•K; K = k1/k2) to kinetic control (k2 << krCT1 + knrCT1: 
CT1/LE = (krCT1/krLE)•k1/(krCT1 + knrCT1) = k1).[13,14,15d] In contrast, 
the ratio of ln(CT2/LE) falls on a single straight line through the 
pressure ranges applied (red circles in Figure 3a), indicating the 
significant dominance of kinetic control (CT2/LE = 'k3; ' = 
(krCT2/krLE)/(krCT2 + knrCT2)) by increasing the solvent viscosity to 
suppress the rearrangement of the PTZ donor unit. From the 
kinetically-controlled regime in Figure 3a, the apparent activation 
volumes V‡obs were calculated from the Eq. (3) to be 2.9 
cm3/mol for CT1-LE and 9.3 cm3/mol for CT2-LE in the excited-
state conversions. These positive V‡obs values, i.e., invalid 
transition-state theory (TST) regime, for the processes can be 
reasonably accounted in terms that the aromatic toluene 
molecules easily solvate to the PTZ-DBPHZ molecule, 
particularly for the eq-eq-like conformer (CT2), to form a solvent 
cluster, and hence such the dynamic solvent effect partly 
restricts the rearrangement of the donor units under high 
pressure conditions.[30] Given the free volume limited model 
under high pressure is adopted,[31] the power low parameter () 
as a fraction of the critical volume required for motion in a 
viscous solvent can be obtained from the plots of ln(CT/LE) 
against ln() (Figure 3b and Eq. (4)). The value of 0.69 for 
CT2-LE quantitatively indicates the degree of rearrangement of 
the donor unit in the excited-state process. 
 
𝜕 𝑙𝑛 (
𝛷𝐶𝑇
𝛷𝐿𝐸
)
𝜕𝑃
 = –
∆𝑉𝑜𝑏𝑠
‡
𝑅𝑇
                                                          (3) 
 
𝑙𝑛 (
𝛷𝐶𝑇
𝛷𝐿𝐸
) = – 𝛼 𝑙𝑛(𝜂) + 𝐶                                                    (4) 
 
 
Figure 3. Plots of the natural logarithm of the quantum yield ratios (black; CT1 
vs LE, red; CT2 vs LE) against (a) pressure (black; r = 0.963, slope; –
0.00116/MPa (≥200 MPa), red; r = 0.998, slope; –0.00377/MPa) and (b) 
ln(cP); pressure-dependent viscosities () were estimated by the data 
described in ref. 29. (red; r = 0.987, slope; 0.69).  
It is noted that the emission intensities of LE at 481 and 
CT1 at 508 nm follow the Förster-Hoffmann equation [log(I) = B 
log() + C] (Figure 4),[32] indicating that PTZ-DBPHZ can serve 
as a viscosity sensor as D-A type molecular rotors.[3] The 
sensitivity factor (B) as 0.636 for CT1 is larger by a factor of 2.6 
than that as 0.248 for LE, reasonably due to the more polarized 
nature of the excited CT state. 
 
 
Figure 4. Plot of fluorescence intensities at 481 (black; LE; r = 0.994, B; 0.248, 
C; 0.656) and 508 nm (red; CT1; r = 0.999, B; 0.636, C; 0.565) according to 
the Förster-Hoffmann equation for PTZ-DBPHZ in toluene; pressure-
dependent viscosities () were estimated by the data described in ref. 29. 
UV/vis and luminescence spectra of the 
solution in MCH 
To further examine the solvent effects on the 
luminescence properties under high pressure, the spectroscopic 
measurements of the solution of PTZ-DBPHZ in MCH under 
hydrostatic pressure were performed (Figure 5). The 
pressurization again did not give a significant influence on the 
population of conformers in the ground state, which is evident 
from the slight changes in UV/vis and excitation spectra (Figures 
5a and S7).  
At the ambient pressure (0.1 MPa), the emission spectrum 
shows a strong preference for the lowest CT2 transition, which is 
in part due to the previously discussed excitation wavelength 
dependence. However, using the DFT (M062X) energies 
calculated for each conformer, the excited population distribution 
is expected to be 2%, 3%, 25%, and 70% for the syn and anti 
ax-ax, eq-ax, and eq-eq conformations, respectively. This 
illustrates that the preference for the CT2 emission is also 
controlled in part by the solvent dependent relative energies of 
each conformer. This origin for this is the difference in the dipole 
moment of PTZ-DBPHZ of the eq-ax and eq-eq geometries, 
which is 5.77 D and 0.66 D, respectively. This means the 
favorable dipole-dipole interactions will stabilize the eq-ax 
conformer in higher polarity solvents (toluene>MCH). 
The peaks are slightly hypsochromically shifted compared 
to those observed in toluene (vide supra), as the consequence 
of the less polar MCH solvent. As shown in Figure 5c, with 
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increasing pressure, the peak maxima at the CT bands 
bathochromically shifted with –0.691 cm–1/MPa for CT1 and –
1.29 cm–1/MPa for CT2, respectively, while the LE peak almost 
did not change with 0.0313 cm–1/MPa. Notably, the emission 
intensities of all the peaks linearly increased as a function of 
pressure (Figures 5b and d), the behavior of which is in contrast 
with the ratiometric responses observed in toluene (Figures 2b 
and d). The intensity increasing, in particular for CT2, may 
indicate that the non-radiative deactivation of the excited states 
is suppressed by the restriction of molecular vibrations 
associated with the increased viscosity at higher pressure (see 
discussion for the lifetime analyses). 
 
 
Figure 5. (a) UV/vis spectra and (b) fluorescence spectra (excited at 400 nm) 
of the solutions of PTZ-DBPHZ (126 M) at 0.1, 50, 100, 150, 200, 250, and 
300 MPa (from black to purple) and 0.1 MPa depressurized from 300 MPa 
(light green) in MCH at room temperature, measured in a high-pressure cell. 
Plots of (c) fluorescence maxima at LE band (black; r = 0.612, slope; 0.0313 
cm–1/MPa), the CT1 band (red; r = 0.959, slope; –0.691 cm–1/MPa), and the 
CT2 band (blue; r = 0.980, slope; –1.29 cm–1/MPa) and (d) fluorescence 
changes at 452 nm (black; r = 0.967, slope; 0.00408/MPa), 473 nm (red; r = 
0.986, slope; 0.00660/MPa), and 584 nm (blue;r = 0.996, slope; 0.0260/MPa) 
in MCH as a function of pressure; the three bands were estimated by the 
waveform separation spectra (see Figure S3). 
Therefore, as shown in Figure 6, the natural logarithms of 
the quantum yield ratios ln(CT/LE) of the MCH solutions were 
plotted against pressure to afford V‡obs by Eq. (3) as 1.6 
cm3/mol for CT1-LE and 13.1 cm3/mol for CT2-LE, respectively. 
Each single straight line indicates that the single mechanism, i.e., 
the kinetic control, is operative through the whole pressure 
ranges applied in the present condition. These positiveV‡obs 
values also indicate the invalid-TST regime, and hence under 
high pressure conditions even the less-solvating MCH promoted 
the solvation to the PTZ-DBPHZ molecule, particularly for eq-eq-
like conformer (CT2), based on the relatively large  value by Eq 
(4) (0.79 for CT2-LE; see Figure S8). As can be seen from 
Figure 7, all the emission intensities follow the Förster-Hoffmann 
equation, and the almost same B values as 1.07 for the LE and 
1.03 for the CT1 were based on the weak solvation effect of the 
MCH molecule. The smaller B value of 0.359 for CT2 may be 
ascribed to the mutual cancelation of the inherent emission 
quenching by the dynamic solvent fluctuation and of the 
emission enhancement by the restriction of the molecular 
vibrations. These observations obtained from the Förster-
Hoffmann analyses in toluene and MCH indicate that the PTZ-
DBPHZ molecule is capable of probing viscosities of solvent 
with a wide ranges of B values from 0.248 to 1.07 at several 
wavelengths. 
 
 
Figure 6. Plot of the natural logarithm of the quantum yield ratios (black; CT1 
vs LE, red; CT2 vs LE) against pressure (black; r = 0.120, slope; -
0.000656/MPa, red; r = 0.882, slope; -0.00530/MPa). 
 
Figure 7. Plot of fluorescence intensities at 452 nm (black; LE; r = 0.986, B; 
1.07, C; -0.625), 473 nm (red; CT1; r = 0.998, B; 1.03, C; -0.348), and 584 nm 
(blue; CT2; r = 0.999, B; 0.359, C; 0.947) according to the Förster-Hoffmann 
equation for PTZ-DBPHZ in MCH; pressure-dependent viscosities () were 
estimated by the data described in ref. 33. 
Lifetime measurements upon pressurization 
To obtain further insights into the effect of hydrostatic 
pressure on the luminescent properties of PTZ-DBPHZ, time-
correlated fluorescence decays were measured under 
pressurized conditions in nondegassed toluene and MCH 
(Figure 8) and analyzed by the deconvolution fitting. In toluene, 
the emission at 490 nm containing the LE and CT1 species 
decays on the nanosecond timescale throughout the whole 
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pressure range examined (0.1–350 MPa) (Figure 8a). The 
fluorescence decay profiles monitored at 490 nm were nicely 
fitted to a sum of two exponential functions with one very short-
lived (1 = 0.1–0.3 ns) and a short-lived (2 = 1.3–1.5 ns) species 
(for the detailed data, see Table S2). At 0.1 MPa, by shifting the 
monitored wavelength from 470 to 510 nm, the relative 
abundance of the very short-lived species (A1) gradually 
increased from 25% to 46% with the expense of A2, indicating 
that the very short-lived excited species emits at longer 
wavelength than the short-lived. Therefore, the short-lived 
species (2) can be assigned to the LE and the very short-lived 
one (1) to the CT1. The fluorescence decay at 650 nm 
containing the CT2 species revealed the existence of two 
components with a long-lived (1 = 10–11 ns) and a relatively 
long-lived (2 = 79–108 ns) species (Table S2). The long-lived 
species (1) corresponds to prompt fluorescence from the CT2 
state and the relatively long-lived one (2) to the thermally 
activated delayed fluorescence (TADF) from the same excited 
state. Although we have revealed that the TADF process is 
involved in the CT2 state,[7] the quite shortened TADF lifetime 
decay is highly likely to be responsible for quenching the triplet 
excited states by oxygen. The most significant observation 
monitored at 650 nm under high pressure was the steady 
decreasing A2/A1 ratio to eventually reach a single A1 distribution 
at 300–350 MPa. This indicates that the increasing viscosity 
associated with pressure reduces the TADF component of the 
emission. We propose that pressure restricts the rotation of the 
donors around the C–N bonds, which significantly decreases the 
efficiency of the reverse intersystem crossing (rISC) process [34] 
preventing the TADF process, enabling the present ratiometric 
responses. On the other hand, the time decay profiles in the 
MCH solutions were quite different from those observed in 
toluene (Figures 8c and d). At the ambient pressure, the short-
lived species (2: 1.2–1.3 ns) can also be assignable to the LE 
and the very short-lived one (1: 0.1–0.2 ns) to the CT1 in the 
same manner. The A2/A1 ratio monitored at 460 nm increased as 
the pressure elevated (Table S2). Interestingly, the A2/A1 ratio 
monitored at 570 nm (1 = 14–30 ns for the CT2; 2 = 90–131 ns 
for the TADF) remains almost constant (6.14–6.69) throughout 
the whole pressure ranges studied (Table S2). The mutual 
elongation of the two lifetimes in higher pressure may be 
explained by the slower ISC/rISC processes, which should be 
caused by the larger EST gap due to the destabilization of the 
1CT excited states in non-polar solvent.[34] Eventually, the 
pressure-dependent fluorescence decay profiles monitored at 
longer wavelength containing the CT2 species in toluene and 
MCH (Figures 8b and d) show the quite contrasting behaviors: 
ratiometric vs monotonic increase responses. 
 
 
Figure 8. Time-correlated fluorescence decays of the solutions of PTZ-
DBPHZ in nondegassed toluene (203 M) monitored at (a) 490 and (b) 650 
nm at 0.1, 50, 100, 150, 200, 250, 300, and 350 MPa (from black to blue) and 
in nondegassed MCH (99 M) monitored at (c) 460 and (d) 570 nm at 0.1, 50, 
100, 150, 200, 250, and 300 MPa (from black to purple) at room temperature, 
measured in a high-pressure cell. 
Mechanistic perspective 
On the basis of the results obtained from the steady-state 
spectroscopies, time-correlated lifetime decay measurements 
and calculations, in this section we discuss the pressure 
dependent emission of PTZ-DBPHZ and propose a mechanism 
for the dynamic interchange of the conformers in the ground 
state and excited states. This is shown schematically in Figure 9. 
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Figure 9. Illustrative diagram of the ground state and excited states of PTZ-
DBPHZ in toluene. The values in parentheses indicate the relative energies of 
the ax-eq and ax-ax conformers in the ground states, compared with the eq-eq 
conformer. 
Our density functional calculations have identified four 
distinct conformers ax-eq, ax-ax (syn and anti), and eq-eq. 
Using a Boltzmann weight, these are expected to be present in a 
ratio of 0.41:0.03:0.05:0.51 in toluene and 0.25:0.02:0.03:0.70 in 
MCH. The ax-eq and eq-eq dominate and consequently the ax-
ax conformers are not discussed in the following interpretation. 
The experimental absorption spectra, shown Figures 2a and 5a, 
indicate that the population of each conformer is not strongly 
influenced by pressure, as minimal changes in the UV/vis 
spectra for both solvents are observed under high pressure. At 
ambient pressure, these molecules can interconvert in the 
excited states. This is most clearly seen for PTZ-DBPHZ in 
toluene (Figure 2), as the eq-eq emission occurring at 650 nm 
(Figure 2b) dominants, despite not being the largest conformer 
in the electronic ground state. This interconversion is consistent 
with similar effects observed in related D-A luminophores[35] and 
occurs due to the small barrier between the conformers in the 
excited state. The ambient pressure emission spectrum in MCH 
is also dominated by the emission associated with the CT state 
of the eq-eq conformer. However, while the excited wavelength 
contributes to this, the prominence of the CT state of the solution 
in MCH is also associated with the relative conformational 
stability in the electronic ground state, which is why a loss in this 
emission is not seen with increasing pressure which restricts the 
conformational reorganization. The origin for this is the 
difference in the dipole moments of the eq-eq (0.66 D) and eq-
ax (5.77 D) conformers of PTZ-DBPHZ. This means that 
favorable dipole-dipole interactions will stabilize the eq-ax 
conformer in higher polarity solvents. While the small dipole 
moments of MCH (0.00 D) and toluene (0.36 D) means this will 
only be a small change, the small energy difference between the 
states is sufficient to mean that when such interactions are 
absent, as in MCH, the eq-eq conformer is preferred, but in 
toluene both conformers are present in almost equal quantities.   
Upon the application of hydrostatic pressure, the emission 
spectrum of the solution of PTZ-DBHZ in toluene demonstrates 
how the interconversion between the conformers can be 
controlled. At a higher pressure, the higher viscosity, i.e., 
dynamic solvent fluctuation based on the V‡obs, restricts the 
rotation of the donor units around the C–N bond to increase the 
barrier for interconversion from the Franck-Condon state 
generated and consequently a larger contribution from the ax-eq 
conformers is observed. In contrast, for MCH, the higher 
excitation energy favors the CT2 emission and therefore only an 
increase in the intensity of all emission peaks is observed. 
Consequently, in this case, changes in the emission with 
pressure are predominately reduction of the non-radiative 
pathways. 
 
Conclusions 
In conclusion, for the first time we have revealed the effects of 
hydrostatic pressure on the photophysical properties of an MCL 
material PTZ-DBPHZ in toluene and MCH solutions. The MCL 
luminophore in toluene solution showed distinct ratiometric 
luminescence responses controlled by hydrostatic pressure, 
which is in quite contrast with the standard emission increasing 
observed in MCH followed by the Förster-Hoffmann behavior. 
Importantly, these results demonstrate that the features of 
mechanochromic compounds upon hydrostatically pressurized 
conditions can be controlled by simply changing the solvent, 
which are very different from other D-A chromophores. The 
present study not only elucidates the factors and mechanisms 
operative in the hydrostatic pressure-controlled luminescence 
ratiometric responses but also provides a novel concept for 
mechanoresponsive materials and an attractive alternative to the 
conventional ratiometric sensors. To understand the essence of 
material design for regulating solution-state photophysical 
properties upon hydrostatically pressurization, further studies on 
the hydrostatic pressure effect on other MCL materials may be 
demonstrated in the future. 
Experimental Section 
General 
UV/vis and fluorescence spectra were recorded on JASCO V-
560 and FP-8500 spectrophotometers. Fluorescence lifetimes 
were determined by a Hamamatsu Quantaurus-Tau single-
photon-counting apparatus fitted with an LED light source 
(excitation wavelength: 405 nm). 
 
Materials 
Fluorescence-free toluene and MCH were used for spectroscopy 
without further purification.  
 
Measurements under hydrostatic pressure 
All spectroscopic experiments under high pressure were 
performed by means of a custom-built high-pressure apparatus. 
The details were described previously.[30] Concisely, a quartz cell 
with an inner dimension 3 mm (W) x 2 mm (D) x 7 mm (H) linked 
to a short Teflon tube. A solution was filled up and then the top 
end was stoppered. The quartz cell containing the sample 
solution was placed in the pressure apparatus, which was fixed 
in the spectrometers. The sample solution was set at varying 
pressures from 0.1 to 350 MPa. The apparatus consists of three 
optical windows of sapphire for UV/vis and fluorescence 
spectroscopy and fluorescence lifetime measurement, 
manufactured by Teramecs Co., Kyoto, Japan. 
 
Computational details 
The ground and S1 state geometries of all four conformers were 
calculated using density functional theory (DFT) and time 
dependent density functional theory (TDDFT), respectively. For 
the ground state a Polarizable Continuum Model (PCM) with the 
properties of toluene or MCH was used. For the excited states, 
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the effect of solvation on the emission energy was incorporated 
using a state-specific polarizable continuum solvation model 
(SS-PCM).[36,37] All DFT and TDDFT calculations used the 
functional M062X,[38] the basis set Def2SVP,[38,39] within the 
Gaussian09 quantum chemistry package.[40] 
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